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Because of an error in the integration subroutine used in calculating the Maxwell
averaged ionization cross sections, some incorrect results were presented in NASA.
TN D-3121. The corrected curves and tables are presented herein.

Including the electron - metastable-atom interactions in the volume ion production
calculation does not cause an increase in this cost for electron temperatures above
20 electron volts, as was concluded in the report. The qualitative conclusion that the
cost is not appreciably reduced by including these interactions in the volume ion produc-
tion cost calculations is still valid, however.

The following corrections should be made fto the report:

Page 1, paragraph 2: The second and third sentences should be replaced with
The ion production cost was reduced by about 25 percent at an electron kinetic tempera-
ture of 6 electron volts and by 14 percent at 20 electron volts. For electron kinetic tem-
peratures above 20 electron volts the cost is reduced by about 10 percent.

Page 7: Equation (20) should read
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Page 10, paragraph 1: The fourth sentence should be deleted.

Pages 10 and 26: Tables I and IV should be replaced by the corrected tables attached.



Pages 11 and 12: Figures 1, 2, 3, and 4 should be replaced by the corrected figures
attached.

Page 13, paragraph 1 under CONCLUDING REMARKS: The second sentence should
be deleted.

Page 19: Equation (Blb) should read
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Page 21: Equation (B7) should read
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Page 21: Equation (B8) should read

N 3

3= N, [T ) + ERTJBET,)| = DATIN,  em”



TABLE 1. - VOLUME ION PRODUCTION RESULTS

Py

E—

Electron Ion pro- Ionpro- Ionpro- Volume ion Ionpro-  Power con- Ion production Ratio of steady- Ratio of
kinetic duction  duction duction  production duction sumption cost considering state 218 den- steady -
tempera- cost for cost for cost for cost including rate rate para- ground-state - sity to ground- state 23S
ture, ground 218 state, 23S state, electron - poarameter, meter metastable- state density, density to
eV state, q;zls, <p23 s metastable- N ion/NoNe’ wt, 5 atom collisions B(kTe) ground-
(pgs, eV/ion eV/ion atom inter- (ions)(cm3) (W)(cm®) for a neutral stafe
eV/ion actions, —__seT_ temperature density,
@, of 1 eV and D(kT,)
eV/ion 1 percent
ionization,
eV/ion
77.8 46.8 39.0 57. 8 2.8x10710 2. 6x10727 68.0 5.4x108  2.3x107®
68.8 40.1 32.1 51.6 8.1 6.7 59. 4 12.3 4.5
12 59.7 338.4 28.3 47.9 23.3 17.9 53.1 29.5 7.8
16 55.1 29.4 25.5 45.9 40.4 29.7 49,9 47.8 9.6
20 52.1 26.3 23,4 44,6 56.7 40.6 47.9 66.3 10.5
24 50.0 23.9 21. 8 43.7 71.9 50. 4 46.5 84.7 10. 9
28 48.5 21.9 20.4 43.1 85.6 59.1 45.3 101. 1 11.0
32 47.4 20.3 19.2 42.6 97.8 66. 7 44,8 118.9 10.9
36 46.4 18.9 18.1 42.0 109.3 73.4 43.9 140. 6 10. 8
40 45.7 1.7 17.1 41.8 119.5 79.9 43.6 159.6 10.6 .




TABLE VI. - ELECTRON - METASTABLE-ATOM IONIZATION CROSS

SECTIONS FOR 2

(2) Monoenergetic cross sections

Electron Q"’1 s
energy, 2 g

eV cm
2,5 [-eemmommme
5 1.78%x10
7.5 [5.99

10 7.96
12.5 }18.72

15 8.91
17.5 |8.83

20 8.61
22.5 |8.33

25 8.03
27.5 | 7.72

30 7.43

35 6. 87

40 6.38

45 5.94

50 5. 56

55 5.22

60 4.92

70 4.42

80 4.0

90 3.67

100 ‘3.38

e e I ISR
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08
86
49
18
92
70
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(b) Maxwell average cross sections

Electron é’!’l (Ve)ve>’
kinetic | Y25
tempera- em®/sec
ture,
ev
2 1.53x1078
4 6. 00
6 9.78
8 12,55
10 14, 57
12 16. 06
14 17. 17
16 18. 02
18 18. 67
20 19. 16
24 19, 84
30 20. 37
34 20. 52
40 20.58
44 20. 55
50 20. 43
60 20. 13
70 19.78
80 19, 40
90 19, 03
100 18. 67

<Q12L3S(Ve)ve>’

cn@/sec

11.
12.
12.
13.
14,
14.
15.
15.
15.
15.
15.
15.
15.
15,
15.
14.

. T1xX10

O oW o

50
21
34
97
22
20
96
56
04
74
34
57
75
80
80
68
49
27
03

79
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Figure 1. - Volume ion production cost as function of electron kinetic temperature.
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EFFECTS OF METASTABLE ATOMS ON VOLUME ION PRODUCTION
IN A TENUOUS HELIUM PLASMA
by Ronald J. Sovie and John V. Dugan, Jr.

Lewis Research Center

SUMMARY

The semiclassical Gryzinski method was used to theoretically calculate the excitation
and ionization cross sections for interactions between electrons and the metastable 218
and 23S‘ states of helium. These cross sections were used to calculate the effect of
electron-metastable atom interactions on volume ion production processes in a steady-
state tenuous helium plasma. The effects of neutral-metastable atom collisions were
also considered. Experimentally ohtained excitation functions were used for ground-state
excitations and a Maxwellian distribution of free electron ener‘gies was assumed.

Including the metastable atom interactions in the calculated volume ion production
cost (defined as the net energy required for each ion produced) yielded a surprisingly
small effect. Instead of the anticipated substantial reduction, the ion production cost was
reduced by only about 12 percent at an electron kinetic temperature of 6 electron volts.
Reductions in cost were obtained for electron kinetic temperatures up to 20 electron volts,
and slight increases for higher temperatures. The unexpectedly high ion production costs
occurred because the cross sections for the allowed excitations 21S - 21P, 23S - 23P
are very much greater than the ionization cross sections for the metastable states.

The volume ion production cost, ion production rate and power consumed in ion pro-
duction are presented as functions of electron kinetic temperature. The electron-

metastable atom inelastic cross sections are also given as functions of electron energy.

INTRODUCTION

In plasma production and heating devices, it is advantageous to know the net energy



cost for each ion produced, the ion production rate, and the product of these terms which
is the net power consumed in ion production. These quantities are needed to perform
calculations on power balance and species continuity. Sovie and Klein (ref. 1) have cal-
culated these quantities for the case of a tenuous, optically thin helium plasma in which a
Maxwellian distribution of free electron energies prevails. The effects of electron-
metastable atom interactions were not considered in this earlier report since the analysis
was made for the case where the metastable atoms were assumed to have very short life-
times due to neutral collisions and wall effects. .

The metastable states could be important in an analysis of the type just mentioned
since the cross sections for exciting these states are large and the population of the 23S
state is considerably enhanced by cascading effects from the various triplet series in
helium. A lower limit to the ion production cost was calculated using the data from ref-
erence 1 with the assumption that all the metastable states produced were ionized. In
this approximation the ion production cost was reduced by as much as a factor of 2. 4.

Experimental metastable excitation cross sections are not presently available. How-
ever, good agreement is obtained between the theoretical cross sections calculated by
using the semiclassical Gryzinski method (ref. 2) and the available experimental cross-
section data. Indeed, Sovie and Dugan (ref. 3) have obtained excellent agreement (within
8 percent) with the results of reference 1 by using these theoretical cross sections to
calculate the volume ion production cost for the ground-state atom. Therefore, it is ex-
pected that a good approximation of the electron-metastable atom cross sections may be
obtained by using this technique.

In this study the cross sections for excitation and ionization of the metastable 2
and 23S states of helium are calculated using the semiclassical Gryzinski method.
These cross sections are then used to determine the effects of electron-metastable atom
interactions on the volume ion production calculations presented in reference 1. Results
are obtained for the case where the metastable lifetimes are controlled by electron-
metastable atom and neutral-metastable atom collisions.

lg

THEORY

Assumptions and Limitations

The ion production cost is calculated by assuming that the only important losses of
free electron energy occur by inelastic collisions, that is, by excitation and ionization of
bound electrons. In the range of electron temperatures of interest (6 to 40 eV) the energy
loss in elastic collisions is clearly negligible since the average energy loss per encounter
is very small. Furthermore, all electron-atom collisions are assumed to occur with
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either ground-state or metastable atoms. The results presented are applicable to low-
pressure, optically thin, partially ionized, so-called tenuous plasmas (ref. 4) for which
cumulative inelastic impacts are improbable for excited states other than metastable
states due to the short lifetimes of these excited states. According to Wilson (ref. 4) a
plasma is tenuous if the criterion N, = 1. 5><1010Xi_1 z(kTe)4 is satisfied (where X, is
the ionization energy and kT o 1s the electron kinetic temperature).

The processes by which charged particles recombine may be considered separately
in the ultimate power balance calculations. For low-pressure discharges recombination
occurs primarily at the walls, and for wall recombination or radiative recombination the
energy is considered as being lost from the plasma. Although there may be an energy
feedback to the electrons in three-body recombination, this process is not the dominant
one for the number densities and electron temperatures considered in this treatment
(ref. 5). Inelastic electron-ion interactions are not considered in this study since it was
shown in reference 1 that these interactions were not important even for fairly highly
ionized plasmas having electron temperatures below about 40 electron volts.

Development of Equations

The theory for the ion production cost calculations is developed in the same manner
as was presented in reference 1. The number of ]th excited states produced per unit
volume per second by inelastic collisions between a monoenergetic beam of electrons

with velocity Ve and ground-state atoms is

- . _3 -1
N, = NoNeQ]gs(Ve)Ve (cm™)(sec™) (1)
where the cross sections employed are expressed as functions of electron velocity Ve'
(All symbols are defined in appendix A.) The usual nomenclature used to describe the
excitation cross section will be modified slightly in this treatment in order to minimize
confusion. The cross section for electron excitation from a state A to a state B will be
represented by the symbol Qﬁ. The subscript will denote the initial state of the atom
and the superscript the final state of the atom (e.g., the cross section for exciting the

1
2P state from the 2!S metastable state is written as Q%;F

2°S
used in describing certain excitation processes denote the principal quantum number and

the total angular momentum of the atom. If there is a distribution of free electron ener-

). The symbols n and L

gies, equation (1) becomes

N = NN, @ (VoVe) (em™3)(sec™ ) (2



where the brackets indicate an average value over the distribution function. The total
energy expended in inelastic ground-state excitation processes including ionization per
unit volume per second is, therefore

E.:j, TOT ~ Z ﬁjEj = NN 2 <‘<§?jgs(Ve)Ve>Ej ev/ (cm3)(sec) (3)
] ]

The net energy cost for producing singly ionized atoms by electron collisions with
ground-state atoms (i. e., the volume ion production cost) is, therefore

D CAAAE
Ggs = ] <Q+(Ve)Ve> eV/ion (4)

Similarly the volume ion production costs for producing ions from the 2

metastable states are given by
i
Z@zls(ve)V;Ei

@ 4 =— eV/ion (5)

1

2’8 <QZIS(VG)V‘>
TN
_k

g0238 B + 7
<Q23S(ve>v(>
1

The i summation is over all inelastic collision processes between electrons and the 278
state, the k summation is over all inelastic electron -2°S state interactions.
The steady-state ion production rate is given by

lg ana 23s

and

eV/ion (6)




Nion = NoNe <Qgs(ve)ve> + NzlsNe@;1s(Ve)Ve>
23, -1
+ N23SNe<Q"2'3S(Ve)Ve> (cm™®)(sec™ )  (10)

where No’ N 10 and N 3 represent the steady-state number densities of the ground
27S 2°s

state, 215 state, and 23S state, respectively. The expression for the steady-state

number densities of the 21S and 23S state are derived in appendix B by considering all

excitation and de-excitation processes for these states. These steady-state densities

may be represented as

N213 = BTN, cm

- -3
N23S = D(kTe)NO cm

where B(kTe) and D(kT e) represent the ratios of the steady-state metastable densities
to the ground-state densities and are given by equations (B7) and (B8).
The ion production rate is, therefore,

Nion = NN, (Qig's(ve)ve> + B(KT,) <Q; 1S(Ve)Ve>
+ D(kTe)<Q;3S(Ve)V e> (em™Hsec™d (11

The power consumed in ion production is simply the sum of the products of the ion
production rate and ion production cost for the ground-state and the 218 and 23S meta-
stable states. The power consumed in ion production is, therefore,

W= NoNe @ES(Ve)Ve> gDgs + B(kTe) égls(vew;q’zls

+ D(KT )<Q+ (v )V>g0
e Nodg € ¢ "adg eV/(cm3)(sec) (12)
The power converted to watts per cubic centimeter is

w' = 1.602x10" 0w W/em® (13)



The volume ion production cost for the helium atom including electron metastable

atom interactions is W/N; and from equations (11) and (12) one has

ion

) <Qgs (ve)ve> Pgg + BT,) é‘; 1S(Ve)ve>qoz 1, *DKT,) @ 3S<Ve)Ve>¢ 3
(Qgs (ve)ve> + BT,) @ 1S(ve>v(> + DKT,) @3S(ve)ve>

The above equations have been derived by neglecting the effects of ground-state-
metastable atom collisions. In laboratory plasmas these ground-state-metastable atom
collisions could be a mechanism for destroying metastable populations. These collisions
will have a larger effect on the 2 S state population since this population is enhanced by
the cascading effects mentioned. In this treatment the effect of these ground-state-
metastable atom collisions is approximated by assuming that these collisions will induce
radiation from the metastable state (ref. 6) (i.e., there is no energy feedback to the free
electron gas). The collision coefficient for ground-state-metastable atom collisions is
obtained by looking at the atoms as hard spheres of radius ¢ and assuming a Maxwellian
distribution of neutral and metastable velocities and equal ground-state and metastable
temperatures. The collision coefficient for ground-state-metastable collisions is

(ref. )

eV/ion (14)

o' =V2rm Vnoz = 1. 54><10'9(an)1/2 cm3/sec (15)

where an is the kinetic temperature of ground-state and metastable atoms.
The collision rate for destroying the 23S state by ground-state collisions may be

written as

9'

14
235~ a3y °t

where fi is the fraction ionized for the plasma.
The collision rate for destroying the ZIS state may be written as

6'
v =N N 17

alg ™ Talg eg

The effect of ground-state-metastable atom collisions on the volume ion production
cost is calculated by including the v terms from equations (16) and (17) into the right-
hand sides of equations (B1) and (B3), respectively, yielding the quantities B'(kTe) and



D'(kT e). The expression for the volume ion production cost including neutral-metastable
atom collisions is, therefore

QF (v v kT, 2@, vV okt , L@, (VV
<gs( e) e>¢gs+ < e fi><Q21S( e) e>902ls+ < e Q23S( e) e ¢23S
¢=

1
<Q+ v )V>+B'kT,ﬂ Qt, (v v )+ Dkt L)(QF, (v )V
gs\ e’ e efi 2lsee efi 9d9g € e

eV/ion (18)

where the 9'/ fi values used depend upon the neutral temperature and percentage ioniza-
tion in the plasma.

Cross Sections

The cross sections used for ground-state excitations were those previously employed
in reference 1, where the results of a number of individual investigations of helium ex-
citation cross sections were combined to yield a credible, self-consistent set of helium
excitation functions. These excitation functions were represented by empirical equations
describing the cross sections as functions of electron velocity, multiplied by the electron
veloci{:y and averaged over a Maxwellian distribution of free electron velocities to obtain
the (Q(V o/Vo) quantities mentioned in the previous section.

The electron-metastable atom cross sections were calculated by using the semi-
classical Gryzinski method (ref. 2). Discussions of the theory and application of this
method are presented in references 2, 3, 8, 9, and 10.

According to the Gryzinski formulation, the cross sections for an inelastic electron-
atom collision with an energy loss equal to or greater than a value U is given by

Mo U. E
Q) = —2 gg| L, 2 cm” (19)
w2 N\uu
where
20 +U
3/2 U+U
U. E VE, -U i
gq=— (=2 U,2(1-Y jmfer+22 "||[1-T (20)
Ey\Ey +U;/ |u, 3\ 2k, U, Eg



Ui is the kinetic energy of the bound electron and E2 is the energy of the incident elec-
tron. The symbol M denotes the number of equivalent electrons in the outer shell of

the target atoms and serves as an effective probability factor that accounts for the number
of bound electrons available for collision. For the electron-metastable atom cross sec-
tions calculated in this treatment, Ui is equal to the ionization potential of the meta-
stable state and M = 1. In the special case of ionization where U = Ui equation (15) be-

comes

~

3/2
Qps(Uy = %o _1_<X - 1> 1+ 3(1 - $> 1n<2. 7T+ VX - 1) cm?  (21)

Ui2XX+} 3

where X = E2/Ui.

In the calculation of the excitation cross sections for discrete states the arrange-
ment of the energy levels in the atom must be considered. The cross section for exci-
tation from a metastable state to a higher excited state is defined as the cross section
for an energy loss restricted to the range Un to Un+1‘ The symbol Url represents
the energy difference between the state to be excited and the metastable state and Uit
represents the energy difference between the metastable state and the next higher excited
state above U, .

Using the formulation of equation (19), the expression for the excitation cross sec-
tion of a level at energy U above the metastable state is simply

Qo (U) = QU - QU ) cm? (22)
1 3 1 3

In the special case of electron exchange collisions (i.e., 2°S - 3°S, 2°S - 3"P
23S - 21S, etc.) one must use the Gryzinski exchange cross section

b

(0 -U
2
Qexch(Un) =0l n €exch ¢m (23)
2 U
Un n
where
(U. E, -
B2 0 4 E,<U_,
U, U . ,-TU I+
U2 i “n+l n
n
Cexch = S (24)
(E2 + Ui)(E2 + U - Un) U,
:‘32 +U; - Upyg i Eg >0y




The mean product of the theoretical cross sections and the electron velocity integrated
over a Maxwellian free electron velocity distribution at kinetic temperature kTe is

o0
é(v )v> 87 / Qo (Eg)exp(-Ey/kT )E, dE, (cm~3)(sec™ D (25)
Co 0
where C isa normalization factor equal to (21TkTe)3/ 2(me) 1/ 2.

Atomic Mode! for Calculations

It was shown in reference 1 that only the energy levels with principal quantum num-
ber up to n =8 need be considered in the calculation of the volume ion production cost for
the ground state. In the electron-metastable atom interactions the cross sections were
calculated for discrete states up to n = 6. In the region of highly excited states (n > 6),
the energy differences between excited states are very small, and the total cross section
for these states can be very well approximated as that for one equivalent level (ref. 3).
In this case Un would be the energy difference between the metastable state and the
n =17 level and U1 would be the ionization energy of the metastable state. The energy
loss in this case is taken to be the mean energy between the n = 7 level and the ioniza-
tion limit.

The ionization cross sections for the 218 and 238 states were calculated using
equation (21) with U; =4 electron volts for the 2IS state and 4. 77 electron volts for the
238 state. The cross sections for the allowed excitations 2 S - 21P 23S - 23P were
calculated using equation (22) with U, equal to the excitation energies of the 21P and
23P states and U +1 the excitation energy of the next higher an and n3P series
members, respect1ve1y When using the exchange cross section equation (23) for levels
with nearly identical energies (e. g., 43P, 43S, and 43D states of helium), the cross
section is best approximated by considering the levels as one with an energy equal to the
mean energy of the three and the next higher level serves as a limit to the cross section.
Sheldon and Dugan (ref. 10) have used this procedure and have obtained apparently satis-
factory agreement with experiment for cesium. Following Gryzinski the exchange cross
sections for the 218 - n3P + n3D + n3S(n = 4) excitations and the ZSS - an + nlD + nls
(n = 3) excitations were calculated in this manner using equation (23).

RESULTS AND DISCUSSION

Tables and plots of the excitation functions for the 218 and 23S metastable states
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are presented in appendix C. The B(kTe) and D(kTe) quantities have been calculated
using these excitation functions.

The volume ion production results and the values of B(kT e) and D(kT e) are pre-
sented in table I and the ion production results are plotted against electron kinetic tem-
perature in figures 1 to 4. As was expected the electron-metastable atom interactions
increased the ion production rate (fig. 2), and consequently the power consumption param-
eter (fig. 3). The surprising result of these calculations is that inclusion of the electron-
metastable atom interactions does not appreciably reduce the volume ion production cost
(fig. 1). These interactions actually increase this cost for electron kinetic temperatures
above 20 electron volts. The calculations of the volume ion production costs for the 218
and 23S states show that one does not obtain ''cheap'! ions by ionizing these states. The
reasons for these high metastable ion production costs become apparent upon examination
of the excitation functions listed in tables II to VI (appendix C). The cross sections for
the optically allowed excitations 218 - 21P and 2°S — 2°P are very much greater than
the ionization cross sections for the 218 and 238 states. Furthermore, the 218 - 31P
and 23S - 33P excitations are approximately equal to the ionization cross sections. The
very large cross sections for these allowed excitations are obtained because the energy
losses required to excite these states are small compared to the ionization potentials of
the metastable states (e.g., U_=0.6 eV for 2's—2!P, U, =4 eV for 2ls). This ef-
fect is not merely a result of the semiclassical method used to calculate these cross sec-

TABLE I. - VOLUME ION PRODUCTION RESULTS

~ Electron Ion pro- | Ion pro- Ion pro- Volume ion Ion pro- Power Ton production |Ratio of steady- | Ratio of steady-
kinetic | duction | duction duction production duction | consumption |cost considering | state 2ls den- |state 235 density
temperature, | éost for | cost for cost for cost including rate rate ground-state sity to ground- to ground-state
eV ground le state, | 2°S state, | electron meta- I'Jarameter, parameter, metastable state density, density,
state, @1, @ q, stable atom |N. /N N_, w', atom collisions B(kT,) D(kT,)
Pgs zls 23_8 interactions, -1on ° : W/cm3 for a neutral € ¢
eV /ic:n eV/ion eV/ion @, M temperature of
eV/ion sec 1 electron volt
and an

ionization of

1 percent,
@',
eV/ion

6 7.8 55. 2 45.7 61.8 2.7x10710 | 2, 6ax10727 70,7 5. 58x1070 2. 69x10~3

8 68.8 54.8 45.2 58.1 7.8 7.29 63.8 12.83 5. 94
12 59,7 56,2 47.0 55.2 22,7 20,1 57,9 29.9 12.93
16 55.1 57.2 48,7 53.3 39.6 30.6 54.5 45.6 18.5
20 52.1 58.3 49.9 51.7 55,8 42.2 52,0 58.5 22.3
24 50 59,0 50,7 50, 3 71.0 57.3 50. 2 69.2 24.8
28 48,5 60.0 52.3 49.4 84.8 67 8.9 "6.3 26.6
32 7.4 60,7 52,7 48.5 96.9 75.3 7.9 83 27.6
36 46.4 61.3 53.5 4.5 108.4 82.5 6.7 91.3 28.3
40 45.7 62.1 54,3 47 118.7 89,4 46.2 96.7 28.6
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tions. The 218 - 31P excitation [Un= 2,47 eV, (Un/ Ui) =0. 6] is approximately equal to the

ionization cross section for the 218 state. A calculation, performed by C. F. Monnin of
the Lewis Research Center, of the excitation and ionization cross sections for the 2s state
in hydrogen using the Born approximation shows that the 2s - 3p excitation cross section
U, =1 9ev, (Un/Ui) =0. 57:, is also approximately equal to the ionization cross section

for the 2s state.

1 1

The very large 218 - 2P, 218 - 3"P cross sections (appendix C) indicate that the
majority of the le metastable states will be excited to these states and will then cascade
to the ground state. The majority of the 23S state excitations will be trapped in the
helium triplet series since this state acts as a ground state for these series. In this case
essentially all of the 23S states will eventually be ionized but only after repeated cycles
of being excited to higher triplet states and cascading back to the 23S state.

The effects of ground-state-metastable atom collisions on the ion production cost
calculations are shown in table I for a neutral temperature of 1 electron volt and a 1 per-
cent ionized plasma. This cost per ion is compared in figure 4 with the costs per ion when
ground-state-metastable collisions are neglected (eq. (14)) and when neutrals and meta-
stables are neglected (ref. 1). The latter two curves are actually the upper and lower
limits to the true ion production cost. If neutral collisions become very important, the
ion production cost will approach the results of reference 1 and if they are unimportant,
the results will approach those given by equation (14).

CONCLUDING REMARKS

The calculations herein yield the surprising result that the electron-metastable atom
interactions do not appreciably reduce the volume ion production cost. This cost was
actually increased slightly by these interactions for electron kinetic temperatures above
20 electron volts.

It should be reemphasized that these calculations are valid only for a sufficiently
tenuous plasma such that the criteria Ne =1. 5><1010Xi_ 1/z(kTe)‘l is satisfied. Further-
more, if the electron density and temperature are such that the appropriate steady-state
ionization equation (corrected Saha or coronal equation) predicts an appreciable degree
of ionization, the presented results are valid only if the ionization and excitation are re-
duced by enhanced recombination and deexcitation effects (e. g., at the walls of a dis-

charge chamber, or by plasma flow or diffusion effects).

13



The results presented represent only a portion of the power consumption rate or
species-production rate in an actual experiment. There are additional terms to account
for recombination or wall losses, but these depend strongly on the experimental config-
urations. There are also additional terms if the plasma is heated, accelerated, or does

work.
Lewis Research Center,

National Aeronautics and Space Administration,
Cleveland, Ohio, August 18, 1965.
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APPENDIX A

SYMBOLS
A relative transition probability
B(kT e) ratio of ZIS steady-state population to ground-state population defined by
eq. (B7)
C relative transition probability for indirect cascading
e.g., Czis =ZAE1P Afis
n°S £— n°S n'P
n
C, normalization factor, (27rkTe)3/2(me)1/2, (eV)3/2(g) 1/2
DKkT e) ratio of steady-state population of 233 state to ground state defined by
eq. (B8)
E energy, eV
i energy difference between the ith excited state and the 21S state, eV
i, TOT total energy expended in excitation processes from ground-state atoms,
eV/(cm”)(sec)
Ek energy difference between the kth excited state and the 23S state, eV
E2 energy of incident electrons in Gryzinski formulas, eV
fi fraction ionized in the plasma
IL ionization limit
kT e electron kinetic temperature, eV
an neutral kinetic temperature, eV
M number of equivalent electrons in outer shell of target atom in Gryzinski
formulas
m,, electron mass, 9. 11x10™28 g
Ng electron number density, cm”™3
ﬁion volume ion production rate, (cm'?’)(sec'l)
1.\I]. production rate of excited states from the ground state, (cm'3)(sec'1)
N, neutral particle density, cm™3
2

Q inelastic cross section, cm
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Subscripts:
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excitation cross section in Gryzinski formulas, cm2
exchange cross sections in Gryzinski formulas, cm2
energy loss in Gryzinski formulas, eV

kinetic energy of bound electron, eV

velocity, cm/sec

Maxwellian averaged neutral velocity, cm/sec
power consumed in ion production, eV/ (cms)(sec)
power consumed in ion production, W/ cm3
Eo/U,
ionization energy of helium atom, 24.58 eV

defined by eq. (B1)

defined by eq. (B1)

defined by eq. (B1)

defined by eq. (B4)

ground-state-metastable collision frequency, 1/sec
ground-state-metastable collision coefficient, cm3/ sec
defined by eq. (B4)

8¢

hard sphere radius of helium atom, 2.1x10™° cm

constant in Gryzinski calculations, 6. 63x10” 14 (cmz)(eV)

volume ion production cost considering electron-metastable and electron-

ground-state interactions

volume ion production cost considering electron-metastable, electron-ground-
state, and ground-state-metastable interactions

electron

ground state

dummy index

dummy index
metastable 218 state

metastable 238 state



nIS

member of the singlet S series

an member of the singlet P series
nlD member of the singlet D series
MS metastable state

Superscripts:

218 metastable 21S state

23S metastable 23S state

nls member of singlet S series

n1P member of singlet P series
nlD member of singlet D series
nlL any member of the singlet system
3L, any member of the triplet system
+ ionization

1 singlet state

3 triplet state

17



APPENDIX B

STEADY -STATE METASTABLE NUMBER DENSITIES

The steady-state number densities for the ZIS and 23S states are obtained from

the steady-state population balance equations for these states. In these equations the
population mechanisms considered are direct excitation and indirect and direct cascading
effects. In this treatment the cascading effects are considered only for principal quantum
numbers up to 8, The steady-state equation for the 218 state is

8
1 1 1
Neééss(ve)ve>+NoNe E @gsp(ve)v>A1 + N N, E < (Ve)Ve>C1211:
n=2
8

1 1 1
2 S 2°S
+ NN <Qgs vV )V> 15 + N238N <23S(Ve)ve>

n=

21s

+N N (V)V Al +N N Q (V)V C1S
+N 5 N_ E <nD(V)V c1 Ny N E <nP(V)V>

2°8 nP

2ls
+N N (V)V Cl+N N (V)V ch
= NZISNeZélzls(V e)Ve> (B1)

1

1

In this equation the symbol AzlS
n P

cascading from an an state to the 218 state. The symbol C represents the relative

represents the relative transition probability for direct

18



transition probabilities for indirect cascading to the 21S state from the nIS and nlD
series. These relative transition probabilities are given by

All A values are obtained from the values presented by Gabriel and Heddle (ref. 11).

The first four terms on the left-hand side of equation (B1) represent the population of
the ZIS state from the ground state by direct excitation and cascade effects, the next
four represent the direct excitation and cascade contributions from the 23S state and the
last three terms are the cascade contributions from states excited from the 218 state.
Letting

8

z ‘ 1 E ‘ 1 1

2 s 28 S 2’s

iy )v> < (Ve)Ve>An1P+ <Q{gls (Ve)Ve>Cn1S
n=3

8
1 1
+ Z@ESD(Ve)V e>cr21113) = a(kT,) (Bla)
n=3
8
2 o 21g nls alg
V)V (V)V A1 + Q:,,(Ve)vec1S
n
n=3
8
nlD 21S ,
+ Qzls (VVe cn1D= B(kT,) (B1b)
n=3
and
2ls
< Pw Ve (V Ve (V WV 1= KT )

(Blc)
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equation (B1) becomes
— A1
N N o(KT,) + N23SNeB(kT o+ NzlsNey(kTe) = NZISN o E <Q21S(Ve)ve> (B2)
i

Since the 23S state acts as an effective ground state for the entire triplet system

any member of the entire triplet system that is excited will cascade either directly or in-
directly to the 238 state. The relative transition probabilities from the triplet series
members to the 23S state are therefore considered to be unity and the steady-state
population balance for the 238 state is given by

3 3 3
N, <Q§SS(Ve)V e>+ZZ<QgSL(V e)V e> + N23SNeZZ<Q;3;“(V e)Ve>
n L n L
3
, NzlsNezz<legwewe>= S Z@Ss(vew > (&9
L k

n

[y STy
PYCRERE A

e G
;@33(‘, e)Ve> -ZZ@;},;J(VQV;

Letting the coefficient of N, be O(kT e) and that of N 1. = ’g‘(kTe) equation (B4) becomes
2°S

or

(B4)

N23S = N, O(KT,) + Nzlsg(kTe) (B5)
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substituting (B5) into (B1) yields

Nea(kTe) + NoNeﬁ(kTe)B(kTe) + NzlsNeB(kTe) ‘g’(kTe) +' NzlsNe'y(kTe)

- NZ< 1V )v> (B6)

Solving for N 1. one has
278

No[H(kT,) + BT BT )]

Talg Z< 1V )v> E3(kT E&T,) + 8(kT,)]

and, substituting (B7) into (B5), the steady-state density of 23S states is given by

= B(kTe)No cm’~ (B7

-3
N 3 = No[0T,) + EKTBKT)| = DTN, om (B8)
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APPENDIX C

METASTABLE EXCITATION FUNCTIONS

The excitation functions for the 218 and 238 metastable states are presented in
tables II to VI and are plotted in figures 5 to 7. The exchange cross section has been cal-
culated by assuming that after an exchange collision it is equally probable that the final
state will be a singlet or a triplet state. The exchange cross section from the 218 state
to the various helium spectral series for n = 3 (e. g., 218 - 318 + 3D, 218 - 33S + 3P
+ 33D) will essentially be identical since the U, and U1 values are essentially the
same. Consequently, these cross sections are not listed separately but are all listed in
table ITI. The exchange cross sections from the 23S state to levels with n= 4 are pre-
sented in a similar manner for the same reason.

TABLE II. - ELECTRON-METASTABLE ATOM CROSS SECTIONS
1 1

FOR 2ls ~ nlP ExCITATIONS
Electron 1 1 1 1
energy Q;lg’ Qzli’ Q: P’ QSIP’ QGiP’ Q71P - IL’
; s 2ls 2lg 21g
ev sz sz sz sz sz sz
1 B NS T I (U (U IS (S I
2 30 | oo | cmmmcmccs | [ e | oo
3 40.4 2.8x107 10 | | o | e |
4 44.4 6.71 15.7x10" 17 | 5.4x10717 | 2. 64x107 17 | cmmmeee
5 45,5 8. 36 22.4 8.76 4.76 11. 9x10~17
6 44.9 9.0 25. 0 10. 27 5.63 14.7
7 44,4 9.56 27.3 11.0 6.0 16
8 43.1 9.68 28 11.4 6.32 16.72
9 41.9 9. 66 28. 2 11.51 6. 41 17
10 40.5 9.56 28. 02 11.5 6. 40 17. 05
11 39.1 9.35 27.4 11.3 6.30 16. 94
12 38 9.2 27.2 11. 6. 25 16.172
15 34.3 8.57 25.5 10. 54 5.88 15.
20 29. 4 7.55 22.6 9.37 5. 26 14.1
25 25.8 6.71 20. 2 8.36 4.68 12
35 20. 8 5.417 16.5 6.85 3.84 10. 34
50 16.2 4.28 13 5.38 3.02 8. 14
75 12 3. 28 9.6 4.0 2.24 6.04
100 9.52 2.54 7. 68 3,19 1.79 4.84
150 6.9 1.84 5. 54 2.3 1.30 3.48
200 5.5 1.45 4.37 1.83 1.03 2.75
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TABLE IIl. - EXCHANGE CROSS SECTIONS FROM 218 STATE

Electron
| energy,
eV

W 0 =3 O O W

10
11
12
15
17
20
25
30
40
50
60
80
100
150
200

2537x10™ 19
1603
1077
760
555
418
323
255
204
166
97
70.5
46.5
26
16

PN S

4125%10" 19

at
2.1eV

1 1
Q3 S+3D

21g

or
335,33p.3%p
Ql ]
21g

cm2

177x10~18
119
n4.
49.
35.
25,
19.
14,
1

B ] @O W O = o WU,

I
-]
(o]

.025
.01
. 003

Qmax
194, 5x10"
at
3.1ev

18

1

Q4 1S+4
1
278
or

3 3. 43
Q4 P+4"S+4"D

Ip

Q515+5
1
2ls
or
3.3

3
5
Q S+5°P+5 D’

61s+61D

21s
or
3_ 3

Q

3
6
Q 1S+6 P+6"D

1.1
Q7 S+7°D - IL

2lg
or
3

dﬁm7P#FD-IL

21g " als als "1 Tolg
sz sz sz sz
53, 3x10718 36. 4x10~18 237. 5x10" 19 690. 5x10~ 19
32.3 21. 65 140 399.5
21.1 14 89.5 252. 5
14.55 9.55 61 170
10. 45 6.6 43.25 120
7.8 5.05 31.85 88
5. 95 3. 85 24.15 66. 5
4,65 3.0 18.75 51.5
3.7 2. 35 14.85 40.5
2. 05 1.3 8.2 22
1. 45 .92 5. 75 15.5
.95 .585 3. 65 9. 85
.5 .315 1.95 5. 25
.3 .19 1.15 3.1
.13 .08 .5 1.35
.07 . 045 .27 7
.04 .025 .15 .415
.02 .ol . 065 .18
.01 . 005 .04 .10
. 0025 . 0015 .010 .03
. 001 . 0005 . 005 .01
75. 8x10"18 46, 9x10” 18 288x10" 19 703x10~ 19
at at at at
3.39 eV 3.57 eV

3.68 eV

3.97 eV
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TABLE IV. ~ ELECTRON-METASTABLE CROSS SECTIONS FOR

Electron Q23P
energy, 23S ,
ev cmz
3 70. 7<10

4 92.8

5 ]103.3

7 (109.5

9 /108.2

10 {106.4

11 |104.0

12 |101.6

15 94

20 82.8

25 73.6

35 60. 3

50 47.5

75 35.4

100 28.5

150 20,7

200 16.5

-16

23S - n3
33p 43p
QZSS’ Q23S ,
sz (:m2
19, 9x10” 17| oo
35.2 9. 17x10"17
46.8 13.95
50, 2 15. 4
50.5 15. 66
50. 4 15.7
50 15. 65
47.7 15. 06
43.1 13.7
38.9 12. 4
32.2 10. 3
25.6 8. 22
19,2 6.18
15.5 4,97
11.2 3. 60
8.84 2. 85

P EXCITATIONS

Q53P
23g’

[3)
B W DO W o 00 = D

-
[T
[ ST
<)

w
. L
© G A s oW

._.
-
w

8.35

Q'? P~ IL

-3
@I NO RSB
0 © 0 0O I O 00 i
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TABLE V. - EXCHANGE CROSS SECTIONS FROM 2°S STATE

3

Electron Qzls lep Q33S+33D Q3IS+31P+31D Q43S+43D Q53S+53D Q63S+63D Q733+73D ~IL
energy, 238’ 23g’ 28s 7 s 23g 23 233 239
ev em? em? em2 em?2 or or or or
Q41S+41P+41D Q518+51P+51D Q618+61P+61D Q71S+71P+71D ~IL
23g T 93y 2%s 3 ’
sz sz sz Cm2
2 915x10719 115010719 oooC oo
3 576 9252 184x10719  ooioilL Lllliiiih hbiiceeen e e
4 386 1660 1135 977%10™ 19 257x10719  LLiiLoiL iiiccien s
5 271 1113 726 616 348 223.5x1071%  1o7x1071? 372x10™19
6 198 783 492 414 229 145 69 236. 5
7 148 572 350 203 159 99.5 a7 160
8 114 431 257 214 115 72.5 33.5 113,
9 90 332 195 161 86 53 24.8 83,
10 72 261 151 145 66 40. 45 18.9 63.
11 59 210 119 99 51.5 31.6 14.7 49
12 48 171 97 79 41.3 95, 15 11.65 38,9
15 29 99.5 55 44,6 92.9 13.85 6.4 21. 25
17 91.4 72.5 39,5 32 16.4 9.9 4.55 15. 05
20 14.3 48 25.6 20.8 10.55 6.3 2.9 9.55
25 8.1 2.6 14 11.3 5.7 3. 1.55 5.1
30 5 16.3 8.5 6.9 3. 45 2. 05 .95 3.04
50 1.25 4.0 2.0 2.6 .8 .45 215 .69
75 4 1.25 6 5 .25 .15 . 065 .21
100 .18 .54 .21 .2 .10 .06 .03 .09
200 .02 .07 035 025 015 .01 . 005 .02
1270x1071? | 2400x10719 |1270x10719 | 1020x10719 516x10™ 19 300x10™19 1401019 a20x10™19
at at at at at at at at
1.4 eV 3.2eV 3.7Tev 3.9eV 4,18 eV 4,4 eV 4.5 eV 4. 77 eV
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TABLE VI. - ELECTRON-METASTABLE IONIZATION

CROSS SECTIONS AND <Q+(V e)V e>VALUES

N WWw b OIOD TSRO U RN O

FOR 2°s AND 2)s STATEs
Electron Q+1 , <Q+1 (Ve)ve>’
energy, 2°8 2°8
ev cm2 cm3/sec
2.5 | cmmmmmee 4.2x1078
5 1.78x10"16| 7.6
7.5 | 5.99 8.83
10 7.96 9.29
12.5 | 8.72 9.43
15 8. 91 9.42
17.5 | 8.83 9.35
20 8.61 9.24
22.5 | 8.33 9.11
25 8.03 8. 97
27.5 | 7.72 8.83
30 7.43 8. 69
35 6.87 8.43
40 6. 38 8.19
45 5.94 7.96
50 5.56 7.75
55 5,22 7.56
60 4.92 7.39
70 4.42 7.07
80 4.0 6.8
90 3.67 6.56
100 3.38 6. 34

<Q;3S(VG)VP> ’

cm3/sec
2. 20x10™8
75
75
.16
32
36
34
28
21
13
05
96
79
63
49
35
22
1
89
70
54
39
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Figure 5. - Excitation functions for 215 state.

() 2's ~nlp,

70

27



28

Cross section, cm?
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25x10717

A 235 -2lp
ANEFIE
[T \a3s 2ol
/' SN T
15 [P \<23s <[33sl+ 3?0
N
X JX Y23 ~3ls +3lp 4+ 3lp
10 o<
H NI
\
5 [ TEER N
TR
| R T e 1 —_—
0 [ / TS T
(d) 235 ~21s, 21p, 335 + 3%, and 3!S + 3lp + 31D
-17
6x10 T T 17
r23s - 4%s + 4%,
5 ﬂs»fsTMW+MD
|
7235 -3+ 77D - 1L,
4 Bs-7ls+7lperlp -1t

T

- 235 - 535 + 53D,

i

N =235 635 + 61,

3 \ -
\| s 2515 + 5lp 4 s1p
\ P>
\
.’

2
/\ 235 ~6ls + 61p + 61D
1 I S \\
, \\‘ ~N N 2
| - L e
0 24 8 8 b 1 W

Electron energy, eV
te) 235 =n3s +n3 and nls +nlp + nlp.

Figure 6. - Concluded.




lonization cross section, cm?
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